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Abstract
The methodology for adaptive control of helicopter ground resonance with magnetorheological (MR) damper is presented. The 
adaptive inverse control method is used to control the output damping force of MR damper and the range of the damping force is given.
Through the adaptive inverse control, the damping force of MR damper is fit to a desired damping force. With the background of apply-
ing MR damper to control of helicopter ground resonance, a model of loss force and an adaptive arithmetic for stabilization of the cou-
pled rotor/fuselage system are presented. The simulation shows that the controller presented in this paper can stabilize the rotor/fuselage
coupling system quickly and control the helicopter ground resonance effectively. 
Keywords: ground resonance; adaptive control; magnetorheological damper 
1 Introduction1
The helicopter ground resonance[1] is a classi-
cal dynamic instability issue of the soft rotor/fuse- 
lage coupling system. The instability is introduced 
by unfavorable coupling of hub motion in-plane 
with low frequency lag mode and identified by 
negative modal damping on the corresponding de-
gree of freedoms. The general method for suppress-
ing ground resonance is to enhance the damping so 
as to consume the vibration energy in the coupling 
system. Appending the lag damper and the landing 
gear damper is the commonly used method. 
Currently, the lag dampers in service are all 
passive dampers which are designed according to 
certain working conditions. When working condi-
tions are changed, the performance of the damper 
can not be automatically changed to adaptive the 
new working conditions and meet the requirement 
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of suppressing ground resonance. The damping 
force of magnetorheological (MR) damper can be 
controlled via current. Hence, the MR damper can 
be used to control ground resonance. 
The performance of MR damper can be chang- 
ed, but the relationships among the controlled cur-
rent, excitation and damping force are compli-
cated[2-4]. It is difficult to solve the differential equa-
tions of ground resonance with MR dampers. The 
authors[5] investigated the experimental modeling of 
MR dampers based on Bouc-Wen function. The 
problem of suppressing ground resonance with MR 
damper is broken down into two parts, one is the 
control of MR damper, and the other is the control 
of ground resonance. The former is fitting the output 
of MR damper to the expected output, the later is to 
investigate the input mode of damping force which 
is necessary for the stability of the rotor/fuselage 
coupling system. The damping force is the expected 
output of MR damper. For the former, the current as 
the directly controlled variable of MR dampers is 
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packaged and the range of output damping force is 
used as the index of damper’s performance. For the 
latter, directly using damping force as input of sta-
bility control can simplify the ground resonance 
equations and eliminate lots of assumptions about 
MR damping model due to the introduction of con-
trol current, such as constant temperature, the linear 
or nonlinear models of controlled current and output 
damping force, etc. 
In this paper, the neural network adaptive filter 
and adaptive inverse control strategy[6] are firstly 
used to fit the output damping force of MR damper 
to the expected output. Secondly, based on control 
requirement of ground resonance, a damping mode 
with an adjustment algorithm is formed to suppress 
the ground resonance. At last, the control simulation 
of ground resonance with MR dampers is con-
ducted.
2 Control of MR Dampers 
2.1 Relationship between controlled current  
and output damping force 
Based on the investigation by the authors[5], the 
damping force of MR damper under any current 
control and velocity excitation can be decomposed 
into a linear combination of two damping forces 
controlled by two different constant control currents 
and the same velocity excitation. The combination 
is expressed by 
2 1 2 1 1 2
3 3
2 1 2 1
F F F F F FF F
F F F F
 
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        (1) 
where F1 and F2 are damping forces of MR damper 
under two different constant control currents and the 
same velocity excitation (also called base states), F3
is the damping force to be solved, the bar “–” above 
Fi (i=1,2,3) denotes the least square approximation 
of Rutput damping force under the same controlled 
state, F
__
3 is related to the controlled current. In 
Ref.[5], the base states are fit by the phenomenol-
ogical model[2] and the damping force is predicted 
correctly via Eq.(1). The relationship between F
__
3
and controlled current is fit by the quadratic poly-
nomial and is applicable to ideal working condition 
with small change. 
2.2 Neural network adaptive filter 
The function F
__
3 is mainly determined by con-
trolled current, and slightly varied with environment, 
such as temperature. For the small disturbance 
caused by temperature, F
__
3(I) can be fit by the neu-
ral network with linear bypass as shown in Fig.1. 
Fig.1  Neural network with linear bypass. 
The weight of linear bypass is updated by the 
LMS method and expressed as 
L( 1) ( ) 2 ( ) ( )k k E k kP   U: :      (2) 
where E(k) is updated error and equal to [F2(k)–
F1(k)]e(k)/( F
__
2– F
__
1), e(k) is actual error. :(k) is 
weight vector of linear bypass, PL is learning ratio 
of linear bypass, U(k) is input signal vector. 
The weight of nonlinear bypass is also updated 
by the LMS method and expressed as 
1 1 1 T
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where l=1, 2, ···, N, N is layer number, PNL is learn-
ing ratio of nonlinear bypass, 1l ln nl 
u: is the weight 
matrix of each layer, 1lnl
ub  is the bias of each layer, 
1ln
l
us is sensibility and expressed as 
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1
T1 1
1( ) ( ) ( )l l l l
n n n n
il l lk k k
u u u

ª º  ¬ ¼
 :s f s      (6) 
where l = N–1, ···, 2, 1 and fi (i=N,···,2,1)is thresh-
old function. 
The neural network shown in Fig.1 is simu-
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lated via Matlab/Simulink and the loop of simula-
tion is shown in Fig.2. All parameters of MR 
damper are given in Ref.[5]. There are two sets of 
sinusoidal displacement excitations. The amplitude, 
frequencies and initial phases are 10 mm, 2.5 Hz, 0 
rad and 5 mm, 6 Hz, ʌ/7 rad respectively. The input 
currents are composed of 0.5 A constant-current and 
three sinusoidal currents with amplitude 1/12 A, 
frequencies 105.5, 45.5, 20.5 Hz and initial phases 0, 
0, ʌ/11 rad respectively. Meanwhile, the Gauss 
noise with mean of 0 A and variance of 0.001 A2 are 
added to the input currents. The phenomenon that 
the output damping force of MR dampers attenuates 
with increasing of temperature is simulated via mul-
tiplying damping force by a ramp function with ini-
tial value of 1 and slop of –0.3. It means that the 
damping force decreased by 30% in 1 s. Such fast 
attenuation is for clearly recognizing the fitness of 
the neural network adaptive filter. For an actual MR 
damper, the output damping force of MR damper is 
not attenuated so fast. 
Fig.2  Simulation loop. 
In Ref.[5], the phenomenological model is used 
to fit the base states with good results. However the 
phenomenological model contains a set of nonlinear 
differential equations and is difficult to be solved. 
Eq.(1) doesn’t limit the form of base states and is 
also applicable to other models of MR damper. To 
reduce the amount of computation, the following 
models are used to fit the base states. 
As velocity increases: 
1 2
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As velocity decreases: 
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where i=1, 2 denotes two base states, cij is the in-
creasing rate of damping force, vij is the yielding 
velocity and x is velocity excitation. The meaning 
of these parameters and the models ofdamping 
forces defined via Eqs.(7)-(12) are shown in Fig.3. 
Fig.3  Models of base states. 
Eqs.(7)-(12) can be used to fit the output of 
MR damper under some specific excitation[5] and is 
not suitable for excitation and control conditions in 
general. However, considering that Eqs.(7)-(12) are 
simple to be calculated and using neural network 
adaptive filter can compensate the predication error 
of base model, Eqs.(7)-(12) are still effective base 
models when actual excitation is close to a known 
excitation.
 Moreover, Eqs.(7)-(12) are not smooth at x  = 
vij (i, j = 1, 2). If a smooth model of a base state is 
required, the nonlinear hysteretic model[7] may be 
used to fit the base model. If higher accuracy of 
calculation is required, the offline neural network[8-9]
may be used to fit the base model. The parameters 
of the base states used in this paper are listed in Ta-
ble 1. 
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Table 1 Parameters of base states 
i vi1/(mm·s–1) vi2/(mm·s–1) ci1/(N·s·mm–1) ci2/(N·s·mm–1)
1 40 0 1.0 2.5 
2 40 0 2.5 37.5 
The simulation results of the adaptive model 
are shown in Fig.4. Figs.4(a)-4(b) show the dis-
placement and velocity excitations respectively and 
Fig.4(c) shows the controlled current containing 
noise. Fig.4(d) shows the output damping force. 
Fig.4(e) shows the relative errors between output 
with attenuation and output of adaptive filter. As 
shown in Fig.4, the adaptive filter is working well 
and the model of MR damper with attenuation is fit 
correctly. 
Fig.4  Results of simulation with adaptive filter. 
2.3 Adaptive inverse control of MR damper 
Eq.(1) can be rewritten as follows 
2 1 2 1 1 2
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      (13) 
Using the adaptive filter presented in Section 
2.2 and applying adaptive inverse control strategy, 
adaptive inverse control loop of MR damper can be 
constructed and is shown in Fig.5. There are two 
adaptive filters in Fig.5. The adaptive filter 1 takes 
controlled current as import and least square 
equivalent force[5] as output, and is used to fit the 
performance of MR damper and compensate the 
prediction error. The adaptive filter 2 takes the 
equivalent force of Eq.(13) as input and controlled 
current as output, and is used to obtain the adaptive 
inverse model of adaptive filter 1 via the LMS algo-
rithm. The output of adaptive filter 2 is the con-
trolled current. 
Fig.5  Adaptive inverse control of MR dampers. 
As shown in Fig.(5), the base states are still fit 
via Eqs.(7)-(12). The displacement excitation is a 
sinusoidal signal with amplitude of 15 mm, fre-
quency of 2.5 Hz and initial phase of 0 rad; the ex-
pected output damping force is the product of a 
nonlinear function 1.65 x +589tanh(1.584×10–4 x )
and a time-varying function 0.25sin(60t)+0.75.
Similar to Section 2.2, a ramp function is used to 
reduce the damping force by 30% in 1 s. The simu-
lation results are shown in Fig.6.  
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Fig.6  Results of simulation with adaptive filter. 
Figs.6(a)-6(c) show the time history of displa- 
cement, velocity and controlled current. Figs.6(d)- 
6(e) give a comparisons between controlled damp-
ing force and expected damping force via time-force 
coordinate and velocity-force coordinate respective- 
ly. As shown in Fig.6, the controlled current in-
creases automatically to adapt the attenuation of 
damping force and match the controlled damping 
force with the expected output.  
Further more, the outputs of damper match al-
most all of the expected outputs except nearby the 
area around the velocity origin. The reason for that 
is explained as follows: ķ The dynamic range of 
MR damper doesn’t include the origin of veloc-
ity-force coordinate, so the curve of dynamic per-
formance of MR damper doesn’t pass though the 
origin under any control state and excitation. The 
controlled damping force can only approach to the 
origin as close as possible. This is the reason why 
the controlled damping force keeps away from the 
origin. ĸ Based on Eq.(1), if F2 is equal to F1 then 
F3ŁF1, F3 is uncontrollable and the controlled cur-
rent via adaptive filter 2 tends to infinity. The en-
ergy of signal is limited in practice, so the con-
trolled current can be limited by setting a value. The 
limitation may cause the transfer function of control 
loop to be unsmooth and bring a sharp disturbance 
nearby the origin. 
As shown in Fig.6, the output damping force of 
MR damper can be fit to an expected damping per-
formance via adaptive inverse control loop which is 
shown in Fig.5. The controlled current is packaged 
and the expected damping force acts as control 
variable. The MR damper under adaptive inverse 
control can be used as a smart damper in which ex-
citation is input, damping force is output and ex-
pected output is controlled variable. 
Due to the limitations of controlled current, 
structural strength and so on, the output damp-   
ing force of MR damper can only match expected   
output in a certain region. The upper and the   
lower bounds of the region can be expressed as 
max[Fminstate(x, x ), Fmaxstate(x, x )] and min[Fminstate(x,
x ), Fmaxstate(x, x )] respectively. Function Fminstate is 
the output damping force of MR damper under 
minimal controlled current, 0 A generally. Function 
Fmaxstate denotes the limitation of damping force de-
termined by structural strength or maximal con-
trolled current. In actual application, Fminstate may be 
easy to be realized and Fmaxstate is not permitted to. 
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Based on Ref.[5], Fminstate is selected as the base 
state F1 and another base state F2 is selected for
which the controlled current is higher than 0 A and 
lower than the controlled current of Fmaxstate. If the 
controlled variable is limited between the controlled 
currents corresponding to F1 and F2, the output re-
gion of MR damper will be [min(F1, F2), max(F1,
F2)]. The expressions of the output region are dif-
ferent depending on the different base state models. 
In summary, the damping force of MR dampers 
with adaptive inverse control strategy can be ex-
pressed as follows 
> @1 2 1 2( , ) min( , ),max( , )F x x F F F F     (14) 
The base states F1 and F2 for each MR damper 
can be designed, so the restrictions on the region of 
output damping force of MR dampers can be re-
laxed, such as that the output damping force of MR 
damper can be limited within the first and third 
quadrant of the velocity-force coordinate. 
3 Ground Resonance Control 
3.1 Equation of ground resonance 
The classical differential equation of ground 
resonance is expressed in matrix as follows 
   0 MX CX KX           (15) 
where
> @T1 nx z [ [ X "        (16) 
is physical coordinate and consists of all freedoms 
related to ground resonance. The freedom of fuse-
lage is placed in the front of X and the freedom of 
blades is placed in the rear of X in order. Assuming 
that the fuselage and blades are rigid, and ignoring 
the effect of aerodynamic force, the elements of co-
efficient matrices M, C and K are expressed as 
shown in the appendix. The values of M, C and K
are determined by fuselage/rotor coupling system. 
Separating the damping coefficients which 
containing the lag and landing gear damping forces 
from Eq.(15) and expressing them as general damp-
ing functions, Eq.(15) is rewritten as follows 
D
ˆ ˆ    0 MX CX KX F         (17) 
The square matrices Cˆ  and Kˆ  are damping 
and stiffness coefficient matrix without lag damper 
and landing gear damper respectively. FD is damp-
ing function vector corresponding to each freedom 
in physical coordinate. Eq.(17) can be transformed 
into state space domain and be rewritten as follows 
D Z AZ BF             (18) 
where
T
ª º ¬ ¼Z X X             (19) 
T1ª º ¬ ¼0B M            (20) 
and
1 1 ˆˆ 
ª º
 « »
 ¬ ¼
0 I
A
M K M C
         (21) 
To construct the state feedback, FD can be ex-
pressed as a vector product of weight function ma-
trix and X ,
D  F DX              (22) 
where D=diag(di) and di>0. The signs of the ele-
ments of FD and X  are correspondingly identical. 
Substituting Eq.(22) into Eq.(18) and rewriting 
Eq.(18) can get the following equation 
  Z A BD Z          (23) 
Eq.(23) is similar to Coleman linear system, 
and di is corresponding to linear damping coeffi-
cient. Based on Coleman’s conclusion[10], when di is 
greater than zero, increasing di is propitious to the 
stability. The coupling system is always stable as 
long as di is great enough. For a controlled MR 
damper, different di is corresponding to different 
performance of MR damper: ķ If di is constant, the 
performance of output is linear. MR damper acts as 
a linear passive damper and works under a given 
working condition. ĸ If di is only related to the 
rotor rotational speed, the performance of controlled 
MR damper is linear and varied with rotor rotational 
speed. Ĺ If di is time-varying, the performance of 
controlled MR damper is also time-varying. 
3.2 Adjustment of damping function 
Based on the Coleman’s conclusion, increasing 
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damping coefficient is propitious to stability of cou-
pling system. It is always existing limited damping 
coefficients to stabilize the system for a specific 
rotor rotational speed. The phenomena of ground 
resonance show a divergence of vibration signal. If 
vibration signal is feed back to the damping coeffi-
cient via proper method, the coupling system will be 
stabilized by adjustable damper.  
Generally, a damping force model used to sup-
press ground resonance should have several charac-
teristics: ķ Damping force should stabilize the fu-
selage/rotor system. Because the motions of fuse-
lage and blades are slight during stable state, the 
damping force model is needed only to stabilize the 
system about the static stability position, but not 
globally. ĸ Damping force provided by damper, e.g. 
lag damper, should be limited, otherwise, the vibra-
tion of freedom at the damper location may be over 
damped and converged slowly. Ĺ To reduce vibra-
tion level, the coupling system should asymptoti-
cally tend to be stable. For the safety of structure, 
the damping force should not be excessive when 
disturbance pulse acts on. 
To satisfy the above requirements, a damping 
force model is presented as follows 
1 2
2 2
2
( )
1
c c x
F x x
c x
P 


 

         (24) 
where positive number P is the increasing ratio of 
damping force in large velocity, positive numbers c1
and c2 define the characteristics of the damping 
force model in small velocity. The significance of 
the parameters in Eq.(24) is shown in Fig.7. 
Fig.7  Model of damping force. 
Eq.(24) has following properties: 
1( ) xF x x cPof               (25) 
1 2
0
d ( )
d x
F x c c
x
P
 
 



          (26) 
Moreover, in the first quadrant of velocity- 
force coordinate, there is a cross point between 
Eq.(24) and the linear damping function of critical 
stability F = c0 x . Positive number c0 is the linear 
damping coefficient of critical stability correspond-
ing to each freedom. If P + c1c2 is greater than c0,
the abscissa of cross point is expressed as 
2 2 2
1 2 0
0 2
2 0
( )1
( )
c c c
v
c c
P
P
 
 

       (27) 
If the increasing ratio of damping force in large 
velocity region, the slope of damping model at ori-
gin and the coordinates of cross point (v0, c0v0) are 
given, the parameters of Eq.(24) can be determined 
via Eqs.(25)-(27). Maintaining the increasing ratio 
of damping force in large velocity region and the 
slope of damping model at origin unchanging, but 
changing v0 dynamically, the damping force model 
Eq.(24) can be adjusted. The flow chart of the ad-
justment is shown in Fig.8. 
Fig.8  Flow chart of the adjustment 
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3.3 Simulation of ground resonance 
Giving a helicopter model with two fuselage 
translation freedoms and three rigid blades, the 
ground resonance model is shown in Fig.9. Ignoring 
the effect of aerodynamic force, the equation of 
ground resonance with MR damper has the same 
form as Eq.(23). The values of parameters for the 
rotor/fuselage coupling system are listed in Table 2. 
Fig.9  Model of ground resonance. 
Table 2 Parameters of rotor/fuselage coupling system 
Number of blades n 3 
Mass of fuselage mf/kg 4 000 
Mass of each blade mb/kg 50 
Linear stiffness coefficient of undercarriage kx/(N·m–1) 1.3×105
Linear stiffness coefficient of undercarriage kz/(N·m–1) 1.3×105
Linear damping coefficient of undercarriage cx/(N·s·m–1) 6 000 
Linear damping coefficient of undercarriage cz/(N·s·m–1) 6 000 
Linear stiffness coefficient of each vertical hinge kbi/(N·m·rad–1) 0 
Bias of each vertical hinge lb/m 0.2 
Blade’s first moment of mass about vertical hinge Sb/(kg·m) 100 
Blade’s inertia moment about vertical hinge Ib/(kg·m2) 250 
The simulation scheme is shown in Fig.10. The 
system input includes the Gauss noise with mean of 
0 N and variance of 100 N2 acting for all freedoms, 
and the Pulse of 104 N×0.01 s starting at 0.01 s with 
a period of 20 s and acting on hub in x direction. 
The parameters of Eq.(24) are listed in Table 3. The 
coupling system with the parameters listed in Table 
2 is unstable during the rotor rotational speed is 
7.81 rad/s.  
Fig.10  Controlled ground resonances with MR damper.
Table 3 Parameters of damping model 
Items Damper of undercarriage/ (N·s·m–1)
Lag damper/ 
(N·m·s·rad–1)
P 60 2 
DF( x )ū 0x   6×104 2×103
The conditions of system without control of 
MR damper are shown in Fig.11. Fig.11(a) shows 
the time history of pulse input. Figs.11(b)-11(c) 
show the time history of hub velocity and displace-
ment respectively. Figs.11(d)-11(e) show the time 
history of each blade’s lag velocity and displace-
ment respectively. As shown in Fig.11, the coupling 
system without control of MR damper is unstable 
for a pulse input. 
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Fig.11  Conditions of system without control of MR 
damper. 
The conditions of coupling system with control 
of MR damper are shown in Fig.12. As shown in 
Fig.12, the coupling system with control of MR 
damper is stable for the same pulse input. 
Fig.12  Conditions of system with control of MR damper. 
The time histories of damping force and 
damping moment provided by the landing gear 
damper and each lag damper are shown in Fig.13. 
Figs.13(a)-13(b) show the time histories of hub 
damping force in x and z direction respectively. 
Figs.13(c)-13(e) show the time histories of each 
blade’s damping moment. As shown in Fig.13, out-
put damping force of each MR lag damper is limited. 
The maximal damping force is reduced and the cou-
pling system is still stable. 
Fig.13  Damping force of lag dampers under pulse 104 N. 
4 Conclusions 
The performance of MR damper is controlled 
via adaptive inverse control strategy and the output 
damping force of MR damper is fit to an expected 
output. A damping force model is presented to sup-
press helicopter ground resonance. The damping 
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force model specifies the damping coefficients both 
for small and large velocities and satisfies the op-
erational requirements. An adjustment of the damp-
ing force model is also presented to enhance the 
adaptability of the controller. 
There are two control systems for the control 
of ground resonance with MR damper. One is con-
trol of MR damper and the other is control of 
ground resonance. The simulation results on control 
of MR damper indicate that the performance of MR 
damper can fit to any expected damping force 
model in proper region. Because the output range of 
MR damper is designable, the existing region of 
damping force of MR damper can be expanded to 
the first and third quadrant of velocity-force coor-
dinate. Thus the strong nonlinear performance of 
controlled MR damper can be weakened in applica-
tions. The simulation results on ground resonance 
indicate that the damping force model and the ad-
justment presented in this paper can suppress heli-
copter ground resonance effectively
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Appendix:  
There are two degrees of freedom on fuselage 
and n blades. The square matrix M is symmetry.  
Nonzero elements of symmetry matrix M are
f b
b
( 1,2)
( , )
( 3, , 2)
m nm i
M i i
I i n
  ­
 ®  ¯ "
    (A1) 
b
ʌ( , 2) sin ( 1)
2
( 1, 2; 1, , )
jM i j S i
i j n
\ª º    « »¬ ¼
  "     (A2) 
Nonzero elements of square matrix C are 
(1,1) xC c              (A3) 
(2, 2) zC c              (A4) 
b( 2, 2) ( 1, , )iC i i c i n    "     (A5) 
b
ʌ( , 2) 2 cos ( 1)
2
( 1,2; 1, , )
jC i j S i
i j n
Z \ª º    « »¬ ¼
  "    (A6) 
Nonzero elements of square matrix K are 
(1,1) xK k             (A7) 
(2,2) zK k             (A8) 
2
b b b( 2, 2) ( 1, , )iK i i S l k i nZ     "  (A9) 
2
b
ʌ( , 2) sin ( 1)
2
( 1,2; 1, , )
jK i j S i
i j n
Z \ª º   « »¬ ¼
  "   (A10)
